The dam foundation rock mass, at the Baihetan hydropower station on the Jinsha River, is mainly columnar jointed basalt, with faults and fissures developed. Considering adverse factors such as the unloading relaxation or the opening of the fissures due to excavation blasting, consolidation grouting is needed to improve the integrity of the dam foundation rock mass. According to the physical and mechanical properties of columnar jointed basalt and the continuity of construction, the effectiveness of overburden consolidation grouting is experimentally studied. The results show that this grouting technology can obviously improve the integrity and uniformity of a dam foundation rock mass and reduce the permeability of the rock mass. After grouting, the average increase in the wave velocity of the rock mass is 7.3%. The average improvement in the deformation modulus after grouting is 13.5%. After grouting, the permeability of 99% of the inspection holes in the Lugeon test section had Lugeon values of no more than 3 LU. This improvement is considerable and provides a case to engineering application.
Introduction
The safe operation of arch dam depends on the safety of dam foundation, dam structure, hydraulic device, and reservoir water environment. The foundation of arch dam is subjected to huge hydraulic thrust during normal operation. China has built many dams, but with the development of science and technology and the improvement of engineering technology, many dams have been built under complicated geological conditions [1] . The Xiaowan hydropower station, Xiluodu hydropower station, and the 180-meter-high Katse hyperbolic arch dam in Lesotho are all built on basalt. However, the basalt of Baihetan arch dam site is more complex. The basalt at Baihetan dam site is characterized by irregular and undulated columnar joints, irregular and incomplete cylinder section, low development of implicit fractures and low deformation modulus, development of shear belts, low deformation and shear strength, and cleavage density in some lithologic segments [2] . Columnar joints and microfissures in fresh columnar jointed basalts are rigid structural surfaces, closed under confining pressure, easy to open, and relax after releasing confining pressure [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . It cannot meet the requirement of sufficient bearing capacity and stability of dam foundation rock mass as arch dam. In order to increase the deformation resistance of the foundation, improve the shear and seepage resistance of the structure surface, avoid the foundation surface bedrock unloading relaxation, reduce the impact of excavation blasting crack surface opening, and improve the integrity of the dam foundation rock mass, it is necessary to carry out consolidation grouting test for dam foundation, study and prove the feasibility and reliability of rock mass as the foundation of arch dam after grouting, and provide reference for reasonable design and determination of construction parameters of rock mass consolidation grouting in dam area. Typical type І basalt columnar joints are shown in Figure 1 .
Some scholars have studied the seepage prevention technology of dam foundation reinforcement for different rock masses. Wu et al. [19] studied the deformation of the basalt foundation of the Xiluodu arch dam. The deformation of the dam foundation rock mass during excavation was continuously monitored, and it was concluded that there was no long-term unloading deformation of the dam foundation rock mass. Fan et al. [20] found that when the Katse hyperbolic arch dam constructed on basalt was excavated to the riverbed, buckling of the basalt layer and soft brecciated layer occurred due to the high horizontal stress. Develay et al. [21] studied the construction of the main dam of the Baise Water Conservancy Project on diabase dykes and used grouting to reinforce the slightly weathered rock masses. Homas and Thomas [22] conducted field and laboratory tests on grouting in a fractured rock mass and obtained a better understanding of grouting pressure and grouting materials. Zhao [23] used chemical grouting and concrete replacement methods to treat the weak rock layers in the foundations of the Ertan and Shapai hydropower stations. In addition, Li and Tang [24] studied rock anchoring and grouting. Karl [25] studied the use of flake granite as a dam foundation. Turkmen et al. [26] used grouting to address the seepage problem of the karst limestone foundation of the Kalecik dam (southern Turkey) and built a grouting curtain 200 m long and 60 m deep along the dam. Kikuchi et al. [27] studied the improvement in the mechanical properties of dam foundations by consolidation grouting of the corresponding rock mass and concluded that grouting can improve the uniformity and deformation of rock masses. Salimian et al. [28] studied the influence of grouting on the shear characteristics of rock joints, and the results showed that grouting had a positive impact on the shear strength of rock. With the decrease in the water-cement ratio, the compressive strength of a cement slurry increases, but its shear strength does not necessarily increase.
In previous studies, it can indicate that the columnar jointed basalt is rarely reported as the engineering case of high arch dam foundation, and there are also few scholars to carry out research on the reinforcement technology of columnar jointed basalt as the foundation of arch dam. Columnar jointed basalt used as the foundation of a high arch dam is rarely reported. Due to the existence of the columnar joints and under the combined action of the strike, dip, and in situ stress, shear deformation often occurs along the excavation face with the increase in excavation depth. To increase the deformation resistance of the foundation, reduce the impact of excavation blasting-induced crack surface opening of the dam foundation and also to improve the permeability resistance of the structural surface and the integrity of the dam foundation rock mass. According to the physical and mechanical properties of columnar jointed basalt, which require thorough research, a method of overburden consolidation grouting is adopted to reduce the dam foundation rock mass and foundation excavation unloading rebound and damage. Additionally, columnar joints in shallow basalt are opened by the stress relaxation, and it also solves the cracking problem of using concrete cover grouting [29] [30] [31] , effectively improving the deformation resistance and the permeability resistance of the structural plane under shear; furthermore, this approach is suitable for use during the continuous construction of high arch dam foundation. . The installed capacity of the power station is 16000 MW, with an average annual generating capacity of 62.521 billion kWh.
Project Overview

Engineering Geology of the Right Bank
2.2.1. Formation Lithology. The bedrock in the dam site is mainly basalt (P 2 β 3~P2 β 6 ) of the Emeishan formation, which is mainly composed of microcrystalline and cryptocrystalline basalt, followed by porphyritic basalt with almond-shaped crystals, with interbedded basaltic brecciated lava and tuff. The columnar joints in this basalt create different column sizes and lengths, which can be divided into three types according to their developmental characteristics (see Table 1 ). Basalts and Quaternary alluvial layers are mainly exposed at the dam foundation below 600 m on the right bank. Layers of basalt with almond-shaped pores outcrop from P 2 β 3 4 above an elevation of 590 m; in P 2 β 3 3-4 , layers of cryptocrystalline basalt outcrop at an elevation of 590~580 m and below an elevation of 580 m; in P 2 β 3 3 , layers of type I columnar jointed basalt with column diameters of 13~25 cm and microfractures developed within the columns.
Below an elevation of 545 m, the P 2 β 3 2-3 layer is breccia lava. In P 2 β 3 3 , columnar basalts with column diameters of 13~25 cm are mainly exposed in the right bank of the dam foundation. Above P 2 β 3 3 are layers of P 2 β 3 3-4 cryptocrystalline basalt. The overburden of the riverbed is sand, pea gravel, and bleached stone. The thickness of the dam foundation ranges from 11.8 m to 26.85 m, and the elevation of the lowest bedrock roof is 552.41 m. The basement rock mass is mainly composed of the first type of columnar basalt at the bottom of the P 2 β 3 3 layer and the brecciated lava of the P 2 β 3 2-3 layer. The underlying rock mass is the second type of columnar basalt in the P 2 β 3 2-2 layer and the crystalline basalt in the P 2 β 3 2-1 layer. The deep part (height up to 500 m) is brecciated 3 Geofluids lava at the P 2 β 3 1 layer and cryptocrystalline basalt, porphyritic basalt, and crystalline basalt. The thickness of the brecciated lava in the P 2 β 3 2-3 layer is 6.60~10.40 m, and the floor elevation is generally 550~520 m from left to right. The thickness of the columnar basalt in the second type of P 2 β 3 2-2 layer is 25.70~27.70 m, and the floor elevation is generally 520~490 m from left to right.
Characteristics of Columnar Jointed
Basalt. The cooling and contraction of magma is thought to have formed the columnar joints in the Baihetan dam area. Columnar jointed basalt is formed by chemical reactions of chlorite, kaolinite, epidote, and tremolite, and the fillings of columnar joints are dominated by chlorite. The dam site area hosts type I columnar jointed basalt with a high joint density, wide joint apertures, and undulating columnar joint surfaces that generally cut the rock into complete columns; the horizontal deformation modulus of this basalt is 9~11 GPa, and the vertical deformation modulus is 7~9 GPa. These rocks are grayish black and contain microfractures that are not throughgoing, in addition to the columnar joints. Columnar jointed basalts are cut into hexagonal or other irregular prismatic shapes and develop longitudinal and transverse microfissures at the same time, and there are many low-dipping structural planes in basalts. According to the quality classification of engineering geological rock masses, when the surface layer relaxes after unloading, the rock mass integrity is poor due to the fracture development. 336 , most of these dislocation zones are short, and most of them are distributed intermittently along the flow layer, allowing some connectivity along the flow layer. The distribution of the columnar basalt and shear zones is shown in Figure 3. 2.2.4. Ground Stress. The orientation of the maximum horizontal principal stress is nearly the E-W, which is nearly perpendicular to the river flow. The orientation of the minimum horizontal principal stress is approximately N-S. The rock mass within a range of 0~40 m below the bedrock surface (depth of 20~60 m) is in a relaxation state, which creates a stress relaxation zone with a maximum horizontal principal stress of 3~6 MPa. The range 40~70 m below the bedrock surface (depth of 60~90 m) exhibits increased stress, with a maximum horizontal principal stress of 6~12 MPa, inducing a local stress concentration phenomenon. There is a stress concentration zone 70~130 m below the bedrock surface (approximately 90~150 m deep), with a maximum horizontal principal stress of 22~28 MPa and a minimum horizontal principal stress of 13~15 MPa.
The slope of the right bank hosts a partially unloaded rock mass, which is buried at a depth of 200 m. The maximum horizontal principal stress orientation is N-S, which is nearly parallel to the river flow, and the shallow surface is deflected toward a nearby mountain to the N to NE. The average maximum horizontal principal stress in the nearshore slope is approximately 6.0 MPa, and the average minimum horizontal principal stress is approximately 4.6 MPa. The first principal stress orientation is approximately N-S, with a moderate inclination angle of approximately 35°, and the magnitude is 7~11 MPa. The second principal stress orientation is S20°E, and the dip angle is moderate to steep. The third principal stress has the following properties: orientation, N80°W; inclination, 21°; magnitude, 5~7 MPa. 
Grouting Material
Slurry Ratio and Particle
Size. According to Chinese standard DL/T5148-2012 (Technical Specification for Cement Grouting Construction of Hydraulic Structures) and experts, consolidation grouting of the sequence hole І and sequence hole II section using ordinary Portland cement grout, wetground cement grout is used for the sequence hole III. The water-cement ratio (water-cement mass ratio) of the ordinary Portland cement slurry is tested in four levels (2 : 1, 1 : 1, 0.8 : 1, and 0.5 : 1). The water-cement ratio of the wet-ground cement slurry is tested in four levels (3 : 1, 2 : 1, 1 : 1, and 0.5 : 1). For the wet-ground cement method, according to Chinese standard SL578-2012 (Technical Code for Experiment and Application of Fine Wet-Ground Cement Grouting Material), wet grinding equipment from 4 Geofluids the Wuhan Yangtze River Academy of Sciences Institute of Automation, instrument GJM-FII, was used for wet grinding. A sample was taken from cement that was ground three times (3~4 min each time) on site.
The particle size of the wet-ground cement was analyzed by using an NSKC-1 laser particle size analyzer, equipment from the Wuhan Yangtze River Academy of Sciences Institute of Automation. A particle size analysis of the wet-ground cement was conducted, and the results are shown in Figure 4 . According to Figure 4 , D95 ðthe maximum particle size with a cumulative mass distribution rate of 95%Þ = 37:46 μm, and D50 ðaverage particle sizeÞ = 11:44 μm. According to the requirements of the specifications considered for wet grinding, after wet grinding, the cement particle size D95 ðthe maximum particle size with the cumulative mass distribution rate of 95%Þ ≤ 40 μm, and D50 ðaverage particle sizeÞ = 101 2 μm. Thus, the data in Figure 4 shows that the cement after wet grinding meets the requirements of the specification. After sequence hole І or II grouting, rock fracturing decreases. According to the specification, the crack width is 0.1~0.5 mm in the rock mass after appropriate use of the wet-ground cement. The sequence hole III size can be 5 Geofluids reduced because the wet-ground cement grain size is small and can improve the ability of the grout to flow into very small cracks. At the same time, to enhance slurry saturation, the water-cement ratio of the wet-ground cement is adjusted to 3 : 1, and the injection capacity of the slurry is increased by thinning the grout and reducing the particle size.
3.3. Slurry Performance 3.3.1. Slurry Density. Slurry density is the basis for calculating the total amount of grouting, and it is also an important index for adjusting the water-cement ratio of grouting. According to Chinese standard DL/T5148-2012 (Technical Specification for Cement Grouting Construction of Hydraulic Structures), a type 1002 mud density gauge is used to measure the slurry density. Slurry densities for different water-cement ratios are shown in Table 3 . Table 3 indicates that as the water-cement ratio decreases, the slurry density increases, and the slurry also thickens. The density of the cement increases because the density of the water decreases.
3.3.2. Drainage Rate. According to Chinese standard DL/T5148-2012 (Technical Specification for Cement Grouting Construction of Hydraulic Structures), a 100 mL cylinder of cement slurry was measured under the weight of a volume of water that would accumulate due to 2 h of precipitation, and the ratio of that measurement to the initial slurry volume is called the drainage rate. The drainage rate can reflect the stability of a slurry to some extent. Table 4 shows that the drainage rate of the slurry with a water-cement ratio of 3 : 1 can exceed 80~90%, whereas the drainage rate of the slurry with a water-cement ratio of 1 : 1 is approximately 35%, indicating that most of the water in the thin grout that was injected into the cracks or holes in the rock during grouting drained out. However, the slurry drainage rate of the wetground cement is lower than that before grinding, and the lower the water-cement ratio is, the greater the decrease because of the adsorbability of cement particles. After wet grinding, the contact area of the cement with water increases, leading to a decrease in the water drainage rate. During an actual grouting process, slurry is injected into rock cracks under great pressure. Due to this high-pressure effect, the period for water analysis is shortened, and more water is squeezed out, so the particles are more densely packed, and the slurry strength is increased.
Compressive Strength of Consolidated Slurry.
The early compressive strength of slurry in columnar basalt determines the ability of the grouting material to consolidate the dam foundation, while the late strength of consolidated slurry reflects the long-term stability of the grouting reinforcement. The strengths of the wet-ground cement slurry after 1 h of circulation under 5 MPa pressure and the ordinary cement slurry under normal pressure were measured. A concrete servo press is used to test the compressive strength of the consolidated slurry with a size of 70 mm × 70 mm × 70 mm for 7 d and 28 d. This test method is referred to as the cement sand strength test method (ISO method) (GB/T17671-1999). From Table 5 , it can be concluded that the compressive strength of the consolidated wet-ground cement slurry is greater than that of the consolidated ordinary cement slurry of the same age and at normal pressure when the watercement ratio is the same. Under high pressure, the compressive strength of the consolidated slurry is maximized when the water-cement ratio is 1 : 1. Under high pressure, the compressive strength of the wet-ground cement is greater than that of the consolidated ordinary cement slurry. These results show that under high pressure, the performance of the cement slurry is better than that under normal pressure, and the performance of the wet-ground cement is better than that of the ordinary cement. . Location of #25 dam section is shown in Figure 5 .
Grouting Method
Grouting Process.
The process flow chart is shown in Figure 6 , and some processes in the construction site are shown in Figure 7 . The overburden consolidation grouting processes are shown below:
(1) Reserve 5 m overburden protection layer: reserve 5 m from the dam foundation surface for an overburden protection layer, adopting the hole closure method and 0.5 MPa pressure for the 5 m protection layer circulation grouting. When the injection rate is no more 8 Geofluids injection rate is no more than 1.0 L/min; then grouting can be completed
Regarding the technology of consolidation grouting to create a concrete cover, considering that high-pressure grouting leads to stratum lifting, tensile stress in the concrete, and concrete cracking, the overburden consolidation grouting technology is put forward. First, the 5 m protective layer of the rock mass is created by closed grouting, which can improve the grouting pressure of the rock mass below the foundation plane. Anchor bars are used to solve the problem of bedrock deformation. After the protective layer is removed, the monitoring data show that the blasting relaxation range is 0.2~2.2 m, with an average of 1.09 m. The surface relaxation problem is solved by using shallow primer pipe, creating a concrete cover in a timely manner, and applying later concrete cover reprimer pipe grouting. The problems of bedrock deformation, surface relaxation, consolidation grouting, and concrete construction interference are considered comprehensively. The completion of consolidation grouting before concrete pouring provides conditions for concrete pouring construction, which avoids the crossinterference of consolidation grouting and concrete construction and the problems of multiple entries and exits of the consolidation grouting equipment.
Slurry Transform.
The sequence holes І and II use a water-cement ratio (mass ratio) of 2 : 1 in the initial grouting, whereas the sequence hole III uses a water-cement (wet-ground cement) ratio of 3 : 1 in the initial grouting. The grouting slurry is transforming from weak to strong step by step. This transformation follows the following principles:
(1) When the grouting pressure remains the same, injection rates should be reduced; or under a constant injection rate, when the pressure continues to rise, do not change the water-cement ratio (2) When the injection amount of a grout of a certain grade exceeds 300 L, or the infusion time has reached 30 min, and the grouting pressure and injection rate have no significant change, the first-grade watercement ratio of the grout should be changed to create a more concentrated grout (3) When the injection rate is greater than 30 L/min, the grout can be thickened according to the specific construction conditions 4.4. Grouting Pressure. The consolidation grouting adopts the method of grading and pressurizing to reach the design grouting pressure by using an incremental approach. The relationship between the injection rate and pressure is strictly controlled during grouting so that no harmful lifting of the rock surface occurs due to the grouting and concrete. The grouting pressure of the protective layer is 0.5 MPa, and that of the first section below the foundation plane is 0.8~1.0 MPa. Later, the grouting pressure gradually increases by 0.5 MPa for each section. The maximum grouting pressure is 3.0 MPa, and the grouting pressure of the concrete guide pipe is 3.0 MPa (see Table 6 ). Standard for the end of grouting: the grouting operation can be considered completed when the injection rate of the protective layer section is no more than 1.0 L/min under the design pressure. In the sections below the protective layer, the injection rate is no more than 1.0 L/min under the design pressure, and the grouting operation can be completed after 30 min of continuous injection. Figure 8 . The lifting dynamic monitoring hole, test hole, sequence hole І, sequence hole II, and sequence hole III are included. The test hole aperture is Φ76 mm; lifting dynamic deformation observation hole aperture, Φ91 mm. Because consolidation grouting holes need anchor bar piles, the consolidation grouting hole diameter is Φ110 mm. The tube grouting is injected through a steel pipe, with a head diameter of Φ38 mm, auxiliary diameter of Φ25 mm, and tube wall thickness of 1.5 mm. A QZJ-100B-J drilling rig was used to drill the grouting hole. All grouting holes are rinsed with a water pressure of 1 MPa to clear out the cracks. The flushing method utilizes open flushing, which flushes a large amount of water from the bottom of the hole to the area around the hole, and rotation flushing. The condition for the end of drilling flushing is that the residue thickness at the bottom of the hole is not greater than 20 cm after flushing and the flushing ends when the water inside the hole is clean.
Results and Discussion
Discussion on Grouting Quantity and Permeability.
The results of the overburden consolidation grouting of #25 dam section on the right bank are shown in Table 7 . The Lugeon test was not performed on the 5 m protective layer of overburden. Table 7 shows the sequence hole І in a 25 m bedrock layer unit cement injection at 83.16 kg/m, the sequence hole II cement injection at 31.57 kg/m per unit, and the cement sequence hole III cement injection at 12.92 kg/m per unit. Thus, the injection rate from the 9 Geofluids sequence hole І to the sequence hole II decreases by 37%, while the grouting quantity from the sequence hole II to the sequence hole III decreases by 40.9%. As shown in Figure 9 , the amount of cement injection per unit decreases significantly, which conforms to the rule of a decreasing amount of grouting per unit, indicating that cracks are effectively filled and that the grouting process has a good effect. A Lugeon test was carried out on the grouting hole before grouting of this 25 m unit of bedrock. The data in Table 8 shows that the 25 m bedrock layer averages a 23.24 LU permeable rate at the sequence hole І, averages a permeable rate of 9.05 LU at the sequence hole II, and averages a permeable rate of 3.84 LU at the sequence hole III and decreases in grouting quantity of 38.9% and 42.4%, respectively. As shown in Figure 9 , the unit permeable rate decrease from the sequence hole І to the sequence hole III also explains that the rock voids were effectively filled, blocking the rock seepage pore channels and reducing the permeable rate. The gradual decrease in water permeability and cement injection per unit amount before grouting indicates that the 
where q is the permeability of the test section, Lu; Q is the pressure inflow, L/min; P is the total pressure acting on the test section, MPa; and L is the length of test section, m. By comparing the test data of the test hole before grouting and quality inspection of the Lugeon value after grouting, the variation parameters of the permeability of the dam foundation rock layer are obtained, and the grouting effect is evaluated. Lugeon tests were carried out on 17 test holes before grouting. The water pressure in 89 sections was greater than 4.5 LU in 69 sections, and the permeation rate over 3 LU accounted for 68.5% of all the test holes. A Lugeon test and inspection were carried out 7 d after the end of grouting. During this process, 10 test holes, with a hole depth of 25 m (excluding the 5 m protective layer) and 5 m section, were randomly drilled to conduct the Lugeon test, and a total of 50 sections of pressurized water were considered. After grouting, the Lugeon test results were collected and are shown in Figures 10 and 11 . All 50 sections have Lugeon values less than 3 LU, the average permeability of the G1-G5 test hole is less than 1.5 LU, and the average permeability of the G5-G6 test hole is less than 1.2 LU. After grouting, the permeation rate of the pressurized water test section at all the inspection holes should not be greater than 3 LU. The permeability is obviously reduced, and the antiseepage effect is greatly improved. Effect analysis shows that the weight of the 5 m thick overburden can stop the fracturing and lifting of the base surface caused by high-pressure fluid. The grouting pressure is very important for the formation stability. A low-pressure grout cannot fill rock fractures effectively, and only a high-pressure grout can fill small cracks. The weight of a 5 m thick slurry seal overburden can provide an effective force to meet the required grouting pressure to limit formation disturbance. Cracks are effectively filled under high pressure, which leads to a decrease in permeability and a significant improvement in the antiseepage and consolidation effects.
Discussion on Geophysical Prospecting Test.
Acoustic testing is the basis for determining the correlation between the physical and mechanical parameters of a rock mass and provides effective parameter indexes for detecting the influence of blasting excavation on rock engineering; this testing considers the weathering coefficient, integrity coefficient, anisotropy coefficient, faulting, karstification, and other geological defects. The higher the wave velocity is, the better the rock physical and mechanical properties and rock integrity. G1 permeation rate G2 permeation rate G3 permeation rate G4 permeation rate G5 permeation rate Average permeation rate Figure 10 : Permeability of test hole G1-G5. G6 permeation rate G7 permeation rate G8 permeation rate G9 permeation rate G10 permeation rate Average permeation rate Figure 11 : Permeability of test hole G6-G10.
Geofluids
The acoustic testing equipment used in this study is a rs-st01c sonic instrument produced by Wuhan Yanhai Engineering Development Co. The acoustic testing is conducted on test holes before grouting and inspection holes after grouting. Through comparison of the test results before and after grouting, rock integrity change parameters are obtained, and the grouting quality is analyzed. Grouting inspection hole drilling is conducted 14 days after the completion of grouting. The wave velocity of fresh intact rock is an important parameter for calculating the integrity coefficient and the weathering wave velocity ratio of a rock mass.
According to the early indoor rock acoustic test statistics, the average wave velocity of brecciated lava is 4272 m/s, and the range for basalt is 5132~574 m/s. Table 8 shows the changes in the wave velocity before and after grouting. Table 8 shows that the wave velocity of the 17 test holes before grouting ranges from 3333 m/s to 5970 m/s, with an average wave velocity of 4980 m/s. After grouting, 10 random inspection holes are drilled for acoustic testing, with a range of wave velocity from 3448 m/s to 6061 m/s and an average wave velocity of 5345 m/s. According to the average wave velocities of 4980 m/s before grouting and 5345 m/s after grouting, the average rate of increase in the wave velocity after grouting is 7.3%. Moreover, the wave velocity range, the mean minimum velocity, and the mean maximum velocity all increase due to grouting, indicating that the rock integrity is improved. According to Figure 12 , before grouting, the wave velocity proportion ≥ 4700 m/s is 79.9% and that <4200 m/s is 8.2%. After grouting, wave velocity ≥ 4700 m/s accounted for 94.8% and that <4200 m/s accounted for 1.4%. According to the acoustic inspection standard of the dam foundation rock mass stipulated in the design document, more than 90% of the columnar basalt should have a velocity greater than 4500 m/s, and less than 5% should have a velocity less than 4200 m/s after grouting to meet the inspection standard of a rock mass. Figure 12 shows that for an initial velocity greater than 5000 m/s, the wave velocity ratio of grouting increased by 25.6%; for an initial velocity less than 5000 m/s, the wave velocity of the filling ratio dropped by approximately 50%; and for an initial velocity less than 5000 m/s, the wave velocity decreased after grouting. Due to the filling of the fractures, fissures, and fault zones, the wave velocity increased, showing that the effect of grouting is obvious.
The deformation modulus is an important parameter of rock mass for stability theory analysis and engineering design. In particular, under the condition of deformation as a stability control standard, the determination of the deformation modulus directly determines the results of a deformation stability analysis. A Probex-1 dilatometer produced by the Canadian company Roctest is used for the deformation modulus testing via field hole entry testing. The dilatometer indirectly measures the radial deformation of a rock mass through flexible pressurization. Seven test holes were tested to identify the variation in deformation modulus before grouting, and 5 test holes were tested after grouting. The data are shown in Table 9 . Table 9 shows that the average deformation modulus before grouting is 8.56 GPa and the average 12 Geofluids deformation modulus after grouting is 8.71 GPa; the average deformation modulus after grouting is 1.7% higher. As shown in Figure 13 , the ratio of the deformation modulus increased by 11.4% to 12 GPa after grouting, and the ratios of 8 and 10 GPa decreased by 1.9% and 7.1% compared to that of 6 GPa, respectively. The improvement in the rock deformation modulus of the dam foundation indicates that the resistance stress value of the rock mass increases and the strain decreases, which indirectly indicates that the physical properties of the rock are improved and that the mechanical properties are enhanced. However, the deformation modulus of the stratum after grouting increased to 12 GPa. The analysis shows that the rock integrity is relatively good because the deformation modulus data before grouting concentrate in the range of 8~10 GPa, so the increase in the modulus after grouting is relatively small.
Discussion on Stratum Lifting
Monitoring. The lifting monitoring value is an important control index to reflect the influence of grouting on a stratum during construction. Two lifting observation holes are arranged in this test area. The hole depth, 3 m, is deeper than the consolidation grouting hole, and the diameter is Φ91 mm. Measuring instruments are embedded for monitoring, and they include a measuring pipe (Φ25 mm) and an external tube (Φ73 mm). The lower end is anchored into the concrete, the local layer is lifted, the inner tube will be displaced, and the dial gauge will record the data. Manual lifting monitoring data recording is adopted for lifting monitoring, and the reading is recorded every 5~10 min. Lifting deformation is monitored and recorded during grouting and water compaction, and the bedrock lifting of no more than 200 m is allowed. During grouting, the lifting deformation value varies from 11 to 31 μm, which does not exceed the specification design requirements. Figure 14 shows a manual lifting monitoring meter embedded in the field.
5.5. Discussion on Rock Core and Hole Camera. After grouting, cores are taken from 10 test holes, some of which are shown in Figure 15 . Figure 15 shows that the rock cracks are effectively filled by the consolidated slurry and the grouting materials are tightly bonded to the surrounding rocks, with an obvious phenomenon of complete consolidation. There is no collapse observed during drilling, and intact core samples are collected, up to 1.2 m long, as shown in Figure 15 . A JL-IDOI panoramic imager produced by Wuhan Himalaya Digital Imaging Technology Co. is used to image the test holes, as shown in Figures 16 and 17 . Figure 16 shows the typical fissure structure of some test holes before grouting. Figure 16 (e) shows that some fissures have width of up to 10 cm. Some of the rocks are also filled with quartz. The rock of dam foundation contains horizontal fissure, vertical fissure, and broken zone. Figure 17 shows typical examples of consolidated slurry filling in some test holes after grouting. Figures 17(a) and 17(b) show that both the steeply inclined fissures and holes are filled effectively, and consolidated slurry filling, as well as microfissures and broken zones, can be seen in Figures 17(c)-17 (f).
6. Field Application 6.1. Construction Plan. Overburden grouting is used for the consolidation grouting of dam foundation sections #19~#25 (below the 590 m platform), while no cover is used for the consolidation grouting of dam section #25 (above the 590 m platform)~#31. The grouting method is still overburden consolidation grouting, the spacing of the rows of holes is 3:00 m × 3:00 m and 2:00 m × 2:00 m, and the depth of a rock entry hole is generally 15.00~30.00 m; the development site of the structural plane and the surrounding area of the curtain line are appropriately deepened locally. Construction process: lifting monitoring hole → test hole before grouting → sequence hole I → sequence hole II → sequence hole III → test holes after grouting. The overall construction process of dam sections #19~#25 is shown in Figure 18 . Slurry production stations and slurry storage stations are arranged on the upstream side of the dam foundation and connected to the grouting field by pipeline extraction. 
Conclusions
Overburden consolidation grouting has solved the characteristics of easy relaxation, strength reduction, and permeability increase of columnar jointed basalt after unloading. Moreover, overburden consolidation grouting improves the integrity and impermeability of the dam foundation rock quality and has the following advantages: Figure 16 : Typical structures in some test holes before grouting.
(1) Overburden consolidation grouting solves the influence of the columnar jointed basalt, limits the relaxation of the surface layer, and strengthens the initially poor integrity of the rock mass. The insufficient bearing capacity of the dam foundation is strengthened, which is caused by deformation. Overburden consolidation grouting through the reserved 5 m protective layer and anchor bar pile after grouting reduces the effects of the columnar joints in the basalt. After the protective layer is excavated, the relaxation effect of the columnar basalt surface is reduced by pipe grouting. Grouting technology is suitable for the geological characteristics of columnar basalts. After consolidation grouting construction, the postgrouting inspection indicates that the grouting effect meets the requirements of the bearing capacity of an arch dam foundation, providing a successful new consolidation grouting technology (2) The consolidation grouting effect of an overburden is considerable. There are 10 test holes with a total of 50 sections, and the 49 sections of the Lugeon test are all less than 3 LU. After grouting, the previous rate of the pressurized water test section with more than 99% check holes is no more than 3 LU. The average wave velocity before grouting is 4980 m/s, while the average wave velocity after grouting is 5345 m/s, and the increase in wave velocity due to grouting is 7.3%. 
Geofluids
The average deformation modulus before grouting is 8.56 GPa, and the average deformation modulus after grouting is 9.9 GPa. The average deformation modulus after grouting is 13.5% higher. The lifting monitoring value ranges from 11 to 31 μm and does not exceed the specification design limit of 200 μm. The core samples were retrieved intact and are up to 1.2 m long. In addition, there is less seepage during grouting. Compared with the concrete cover consolidation grouting, this new approach can avoid the adverse effects of drilling damage to the embedded monitoring instrument and cooling water pipe and determine the influence of grouting lifting on the quality of concrete, so it has a good applicability (3) Overburden consolidation grouting solves the problem of continuous construction. After the excavation of the top surface of the protective layer, the overburden with consolidation grouting has a large area of construction resource organization. The construction is completed before concrete pouring, and the construction resources are in place at one time. After consolidation grouting, infill grouting (as required), and test hole construction, only a small amount of resources is needed for shallow inspection after excavation of the rock protection layer. Compared with the resources of consolidation grouting for concrete cover, the waste of construction resources is avoided, and the construction efficiency is high 16 Geofluids (4) This new process is applied to the #19~#25 dam sections of the right bank of the Baihetan hydropower station (below the 590 m platform). The successful application of overburden consolidation grouting construction technology provides a powerful reference for more dam consolidation grouting projects, which is of great significance for popularization of this approach
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